Increasing temperature has become an alarming issue, especially in the context of global food security. Potato, a cool-season crop, is characterized by specific temperature requirements and develops best at about 20C. The present study was carried out to examine the morphophysiological responses of potato cultivars under high temperature in the experimental field of Tezpur University, Assam, India, consecutively for two years (2013-14 and 2014-15). Seeds of five popular potato cultivars of North East India, viz. Kufri jyoti, Kufri megha, Kufri pokraj (high-yielding cultivar) and Rangpuria, Badami (local cultivar) were sown under three temperature conditions: normal, inside polyhouse and in the early season. Plant height, leaf area index, membrane stability index, chlorophyll stability index and tuber yield were studied. We observed increase in plant height and leaf area index under high temperature environment with a decrease in membrane stability index, chlorophyll stability index and tuber yield. The cultivars Kufri megha and Rangpuria performed better under high temperature with respect to maintenance of morphological alterations leading to lower reduction in yield. Compared to high-yielding potato cultivars, local cultivars were more prone to high temperature. Thus, morphophysiological analysis can be considered as one of the rapid and efficient methods to screen potato cultivars for heat tolerance.
INCREASED atmospheric temperature is one of the reasons for net decline in global food production. The expected rise in temperature is about 3-5C by the end of this century 1 . This increased temperature is predicted to bring a net reduction in global potato production 2 , which requires an optimum temperature of 15-25C (ref. 3) . India is ranked third in potato production, with 10% of the potato-growing areas being from North East India 4 . Assam, situated in NE India, has recorded a rise in annual maximum mean temperatures at a rate of +0.11C per decade 5 . Potato is planted in Assam during mid-October to early November and is harvested in January. During this period, 17-28C temperature has been recorded in the region 6 , which is projected to severely affect potato cultivation in Assam. Though Central Potato Research Institute (CPRI), India had released many potato cultivars based on their resistance against various diseases and phytopathogens, they have diverse adaptability to heat stress (http://cpri.ernet.in/varieties.htm). Therefore, focus should be made to screen the high temperature-tolerant potato cultivars.
High temperature resulted in taller plants with high stem dry weight and smaller leaves 7 , and reduced tuber production for most potato cultivars 8 . It also extended the period of leaf growth, which presumably reduces net translocation of carbohydrates to the tubers 9 . In the case of rice, reduction of 6.7% in yield was observed, which is attributed to an average rise in temperature during the growing period 10 . Physiological leaf ageing also increases under high temperature 11 , accelerating leaf senescence. Significant increase in leaf numbers was recorded due to blockage in reproductive development in wheat under high temperature 12 . Thus, the impacts caused by high temperature stress on morphophysiological characteristics of crops prompted us to study the effect of high temperature on some commonly grown potato cultivars of this region. The aim of this study was to find out the efficacy of morphophysiological traits as a selection criterion to screen potato cultivars for high temperature tolerance.
The seeds of three high-yielding potato cultivarsKufri megha, Kufri jyoti and Kufri pokraj -were collected from Central Potato Research Station (CPRS), Shillong, India. Two local potato cultivars 'Rangpuria' and 'Badami' were obtained from Gingia, Bishwanath Chariali district, Assam. Potato cultivars were grown in the experimental field of Tezpur University campus, Assam, consecutively for two years in a randomized block design with four replications. Potato tubers were sown under three conditions: (a) normal growing season (October 2013 -February 2014 , 2015 ; (b) a polyhouse chamber (October 2013 -February 2014 , 2015 and (c) early sowing (August 2013 -November 2013 , 2015 . The polyhouse was a wooden structure of size 9 m  8 m  8 m built and covered with PVC (polyvinyl chloride) film (of about 0.15 mm thickness and 85% of transmittance), and properly ventilated to avoid upsurge of CO 2 . The dimensions of the plots were 2.6  2 m 2 with four rows (65 and 25 cm from row to row and plant to plant respectively). Climatological data for normal and early season were obtained from meteorological tower of Krishi Vigyan Kendra, Napaam, Tezpur (situated near the experimental field). In polyhouse, thermo hygrometers were placed for continuous checking of air temperature and relative humidity. Soil thermometers were used to record soil temperature. Soil water was monitored with the help of tensiometers and maintained above -30 kPa (at 20 cm below the soil surface) to ensure that the plant did not suffer water stress.
High-yielding and local potato cultivars grown under normal growing condition were harvested 90 DAS (14 January 2014 (14 January , 2015 and 100 DAS (24 January 2014, 2015) respectively, whereas inside the polyhouse and in early sowing, cultivars from both the groups matured early and were harvested 80 DAS (4 November 2013 (4 November , 2014 .
The parameters were studied at 15, 55 and 75 DAS, which correspond to the vegetative, tuberization and maturity stage of the crop under normal condition. For morphological measurements three central plants of each block were selected and labelled.
Plant height (cm) was measured using a meter ruler by assessing the distance from soil level to the top fully opened leaf of the main shoot.
Leaf area index (LAI) was calculated as the ratio of leaf area per plant to the ground surface area occupied by the plant canopy 13 Leaf area/plant LAI = . Ground surface/plant For analysis of various biochemical parameters, the third and fifth leaves from the top of the potato plants were collected.
Total chlorophyll contents were determined following the method of Anderson and Broadman 14 . Fresh leaf material (500 mg) was ground with 10 ml of 80% acetone at 4C and centrifuged at 2500 g for 10 min. This procedure was repeated until the residue became colourless. The extract was transferred to a graduated tube to make the volume up to 50 ml with 80% acetone. Aliquots of the extract (3 ml) were transferred to a cuvette and absorbance was read at 645 and 663 nm with a spectrophotometer (UV 1700 Pharma Spec, Japan).
Chlorophyll stability index (SI) was calculated using the formula 15 Chlorophyll of the treatment CSI = . Chlorophyll of the control Membrane stability index (MSI) was estimated by assessing the electrical conductivity of leaf discs in doubledistilled water at 40C and 100C respectively. Leaf samples (100 mg, third and fifth leaves from the top) were cut into discs of uniform size and taken in test tubes containing 10 ml of double-distilled water in two sets. One set was kept at 40C for 30 min and another at 100C for 15 min in a boiling water bath. Next their respective electrical conductivities C1 and C2 were measured using conductivity meter (Labotech Precision Instruments, Model ME 885) and MSI was taken as a ratio of C1 and C2 in percentage
On dying of vines, potato tubers under normal condition were harvested on 27 January and 5 February for highyielding cultivars (HYCs) and local cultivars respectively, in both the years. Whereas crop inside the polyhouse and from early season sowing was harvested on 5 and 10 January for HYCs and local cultivars respectively, in both the years. In each replication, harvesting was done from 1 sq. m area, tubers were cleaned, and after weighing the tuber yield was expressed in quintals per hectare. Data were statistically analysed within sampling dates using two-way analysis of variance (ANOVA) by SPSS (version 16.0) to determine the significance between treatments, cultivars and treatment  cultivar interactions. Morphophysiological data showed homogeneity between the years, whereas we noted significant differences in the yield. Therefore, pooled data of morphophysiological parameters for two years are presented here and yield data for both the years are shown separately. Correlation matrix was developed taking the average of all the sampling dates for each parameter with crop yield at harvest.
During the first year of experiment, the recorded mean air temperature ranged from 15C to 23C under normal condition; however, we obtained 1-2C higher mean air temperature in the second year. Regardless of years, 2-4C rise in additional temperature was noted inside the polyhouse. The documented mean air temperature in early season ranged from 21C to 35C and 23C to 36C during the first and second year of the experiment respectively. On the other hand, recorded relative humidity in normal condition was 62-70% and 65-72% throughout the first and second year of experimentation respectively. Inside the polyhouse, relative humidity was invariably 8-10% higher than the normal condition. During early season, the recorded relative humidity was in the range 68-82% in both the years (Table 1) .
Except a non-significant (P  0.01) interaction of year (Y)  cultivar (C) at vegetative and tuberization stage and year (Y), treatment (T) and Y  T at maturity stage on plant height, other interactions were highly significant (P  0.01) at all three growth stages of the crop ( Table 2) . Irrespective of temperature conditions, increase in plant height was recorded from vegetative to tuberization and then seized during maturity. Significant (P  0.01) rise in plant height was documented under high temperature compared to normal condition and this was found to be more pronounced inside the polyhouse. Among the HYCs, Kufri jyoti recorded maximum increase in plant height followed by Kufri pokraj and Kufri megha in all the growth stages, whereas local cultivar Badami recorded maximum plant height compared to Rangpuria (Table 3) . We obtained significant negative correlation of plant height with tuber yield under all three experimental conditions ( Table 4) .
Irrespective of growth stage, all the factors and their interactions were highly significant (P  0.01) on LAI, T, Treatment; C, Cultivar; Y, Year; ns, Non-significant; *P < 0.05; **P < 0.01. except for treatment (T)  cultivar (C) in the vegetative stage; year (Y) and treatment (T) with cultivar (C) in tuberization stage (Table 2) . Compared to normal condition, significant (P  0.01) increase of LAI was recorded under high temperature environments, with highest value inside the polyhouse. However, in maturity stage, non-significant decrease of LAI was noted from all three experimental conditions. Regardless of temperature conditions and growth stages, highest LAI was recorded in cultivar Kufri jyoti followed by Kufri pokraj and Kufri megha. Among the local cultivars, Badami showed higher value of LAI than Rangpuria (Table 3) . Irrespective of temperature conditions, LAI was negatively correlated with tuber yield (Table 4) .
Effect of year (Y) and its interaction with treatment (T) and cultivar (C) on MSI was found to be non-significant for both tuberization and maturity stages. ANOVA showed highly significant (P  0.01) differences for the rest (Table 2) .
Substantial decline in MSI was noted under high temperature environments compared to normal condition with higher reduction inside polyhouse. Among the HYCs, Kufri megha documented lowest decrease during vegetative and tuberization stage under both the high temperature conditions, whereas in case of local cultivars, higher reduction was found in Badami. However, in the maturity stage Kufri megha and Badami showed highest reduction in MSI (Table 3) . Positive correlation was obtained between MSI and tuber yield.
Irrespective of growth stages, crops grown inside the polyhouse recorded significantly higher (P  0.01) CSI compared to early season crop. Among the HYCs, Kufri megha maintained better CSI throughout the growth period in both high temperature conditions, followed by Kufri pokraj and Kufri jyoti. Nonetheless, in case of local cultivars Rangpuria recorded more CSI compared to Badami (Table 3) . CSI was positively correlated with tuber yield (Table 4) .
Yield reduction was observed under normal condition between both years. In the HYCs a reduction of 4-5% was recorded, while the local cultivar Badami showed a maximum of 12%. Again, significant (P  0.01) decrease in tuber yield was documented under high temperature conditions compared to the control, with maximum reduction from early season sowing. Irrespective of high temperature conditions, cultivar Kufri megha recorded minimum yield reduction followed by cultivars Kufri pokraj and Kufri jyoti, whereas local cultivar Rangpuria restored better yield than Badami (Table 5) .
Elevated levels of CO 2 enhance photosynthesis in C 3 plants (like potato) 16 , which results in increased shoot biomass. However, the associated increase in temperature ns, Non-significant; **Significant at P = 0.01; *Significant at P = 0.05. shortens the life cycle of the crop, hastening the rate of organ development and finally reducing yield 17 . High temperature had a deleterious effect on growth and metabolism of all the studied potato cultivars. The recorded shoot elongation and LAI in the studied potato cultivars under high temperature environments might be due to the activity of certain growth-regulating substances. The optimum temperature required for foliage growth in potato is 20-25C (ref. 18) , with substantially high temperature inside the polyhouse (25-29C) and in the early season (35C) resulting in activation of endogenous plant growth hormone gibberellin 19 , stimulating higher growth of the foliage (Table 3) . Promotion of shoot growth in whole plant and leaf bud cutting due to exogenous application of gibberellin has already been documented in many crops by other researchers 20 . Gibberellin helps in extension of cell wall and elongation of internodes by enhanced loosening of cell wall, reduced wall cross linking or altered wall composition. Previous reports on pea suggest that gibberellin helps in shoot elongation by triggering solute transport into the expanding tissue. Therefore, cells would imbibe more water which subsequently increases their turgor pressure, and finally enhances the rate of wall growth and cell enlargement 21 . Irrespective of cultivars, the recorded decreased MSI under high temperature is due to the increased plasma membrane injury. This is confirmed by CSI results, where injury to thylakoid membrane enhances chlorophyll degradation under high temperature. Earlier report on orange plants showed that oxidative injury on cellular membrane, viz. thylakoid increased chlorophyll degradation and inhibition of its biosynthesis 22 . The recorded maximum decrease in MSI and CSI in cultivars Kufri jyoti and Badami (Table 3 ) might be due to increased fluidity of the membrane under high temperature (more under early season). Highest CSI value in cultivars Kufri megha and Rangpuria is due to greater chlorophyll conservation ability of both the cultivars.
Optimum temperature for tuberization in potato is 20C (ref. 18 ) and the substantially higher temperature recorded inside the polyhouse (17-23C) and in early season (35C) hamper this. The documented significant reduction in tuber yield under high temperature may be due to improper partitioning of the assimilates from source to sink 7 . Thus, by restricting dry matter partitioning to the tuber, haulm growth is triggered under high temperature. Inhibitory effect of gibberellin in tuber formation of potato had been reported 23 . In the present experiment, the observed higher increment of plant height and LAI (Table 3) as well as reduction in tuber yield (Table 5 ) is presumably because of increased endogenous level of gibberellin under high temperature. However, the measured lower plant height, LAI and higher tuber yield (Table 5) in cultivars Kufri megha and Rangpuria compared to the other cultivars might be due to low gibberllic acid (GA)/abscisic acid (ABA) ratio that limits the overall plant growth and promotes tuber formation. Thus, it can be substantiated that down regulation of genes coding GA or induction of GA-antagonist compound like ABA under high temperature conditions might provide *For correspondence. (e-mail: dthirunavukkarasu@gmail.com) thermotolerance to potato crop. Therefore, cultivars Kufri megha and Rangpuria can be considered to have better tolerance to high temperature. Thus, morphophysiological characteristics can be efficiently used to screen potato cultivars for heat tolerance.
